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Ataxia-telangiectasia mutated (ATM) plays crucial roles in DNA damage responses, especially with regard to DNA 
double-strand breaks (DSBs). However, it appears that ATM can be activated not only by DSB, but also by some changes 
in chromatin architecture, suggesting potential ATM function in cell cycle control. Here, we found that ATM is involved 
in timely degradation of Cdtl, a critical replication licensing factor, during the unperturbed S phase. At least in certain 
cell types, degradation of p27 Kipl was also impaired by ATM inhibition. The novel ATM function for Cdtl regulation was 
dependent on its kinase activity and NBS1. Indeed, we found that ATM is moderately phosphorylated at Ser1981 dur- 
ing the S phase. ATM silencing induced partial reduction in levels of Skp2, a component of SCF skp2 ubiquitin ligase that 
controls Cdtl degradation. Furthermore, Skp2 silencing resulted in Cdtl stabilization like ATM inhibition. In addition, as 
reported previously, ATM silencing partially prevented Akt phosphorylation at Ser473, indicative of its activation, and Akt 
inhibition led to modest stabilization of Cdtl. Therefore, the ATM-Akt-SCF skp2 pathway may partly contribute to the novel 
ATM function. Finally, ATM inhibition rendered cells hypersensitive to induction of re-replication, indicating importance 
for maintenance of genome stability. 



Introduction 

Ataxia-telangiectasia (AT) is an autosomal recessive inherited 
disorder with characteristic symptoms such as cerebellar ataxia, 
oculocutaneous telangiectasia, and cancer predisposition. AT is 
caused by the mutations in the gene encoding ataxia-telangiec- 
tasia mutated (ATM) kinase, a member of the phosphoinosit- 
ide 3-kinase-related protein kinase family. ATM kinase plays a 
pivotal role in activation of checkpoint pathways in response to 
DNA double-strand breaks (DSBs). When DSBs occur, ATM, 
together with the Mrell-RAD50-NBS1 (MRN) complex, rec- 
ognizes and accumulates on lesions, where it is activated to phos- 
phorylate many downstream effector molecules, including Chk2 
kinase. Activation of the checkpoint pathway eventually leads to 
cell cycle arrest, repair of damage, and, under certain circum- 
stances, apoptosis. 1 " 3 Indeed, cell lines derived from AT patients 
are hypersensitive to ionizing radiation (IR). 

In addition to such classical pathways, several novel cascades 
regulated by ATM have recently been identified. For example, 
when cells are exposed to hypoxic conditions, ATM is activated 
and phosphorylates a transcription factor, hypoxia-inducible 
factor la, to downregulate mTORCl signaling. 4 In this case, 
NBS1 is not required, and neither detectable DSB nor phos- 
phorylation of ATM Serl981, a marker for ATM activation, are 



observed. Surprisingly, ATM appears to be activated also by oxi- 
dative stress, probably through direct oxidization of ATM. 5 In 
addition, oxidization-induced ATM activation appears to occur 
in the absence of DSBs and the MRN complex. Even for the 
DSB-induced ATM activation, it was shown that activated ATM 
relocates to the cytoplasm and links DNA damage signaling to 
NFkB activation. 6 

The above elucidated functions of ATM protein may explain 
the pathogenesis of AT. However, severe and pleiotrophic symp- 
toms in the affected patients suggest the possibility that ATM 
might function even in unperturbed cell cycling to maintain 
genome integrity. It should also be noted that molecular mecha- 
nisms underlying ATM activation upon DSB induction are still 
not fully understood. It has been demonstrated that ATM can 
be activated not only by DSB, but also by changes in chroma- 
tin architecture, 7 further suggesting potential ATM functions in 
unperturbed cell cycle. 

From late mitosis to the G l phase, the sequential assembly of 
multiple proteins, including ORC1— 6 (origin recognition com- 
plexes 1-6), Cdc6, Cdtl, and MCM2-7 (minichromosome 
maintenance), results in formation of a pre-replication complex 
(pre-RC) that is "licensed" for replication. In the late cell cycle, 
while the MCM helicase is activated, activity of the pre-RC 
components is carefully regulated so as to prohibit inappropriate 
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reassembly of pre-RC and subsequent re-replication. 8 Cdtl 
strongly stimulates the licensing reaction in human cells, 9 "" and 
its activity is tightly restricted by multiple mechanisms during 
the S phase, i.e., polyubiquitination-dependent proteolysis medi- 
ated by Cdk phosphorylation-dependent SCF skp2 ubiquitin ligase 
and the proliferating cell nuclear antigen (PCNA) -dependent 
Cul4-DDBl cdt2 ubiquitin ligase and inhibitory geminin bind- 
ing. 8 Overexpression of Cdtl, ORC1, or Cdc6 alone induces no 
detectable re-replication in normal human cells, but co-over- 
expression of Cdtl plus ORC1 or Cdc6 yields a moderate level 
of re-replication." Cdtl mutants deficient in S-phase degrada- 
tion feature more re-replication than the wild type." In certain 
cancer-derived cells, Cdtl overexpression alone can induce overt 
re-replication. 9 " 11 Under such circumstances, ATM- and Rad3- 
related (ATR) kinase, a close relative of ATM, and the MRN 
complex inhibit further re-replication. 12 All of these findings 
clearly show that degradation of Cdtl during S phase is critical 



for maintenance of genomic stability. Actually, deregulation of 
Cdtl is harmful to genomic stability. 13 

Here, we sought to clarify potential novel ATM functions dur- 
ing the unperturbed cell cycle and found that ATM is required 
for proper degradation of Cdtl during the S phase. 

Results 

ATM is required for proper degradation of Cdtl during the 
unperturbed S phase 

We established T98G cells stably expressing shRNA target- 
ing ATM (referred to as T98G-ATMRi2) or luciferase as a con- 
trol and investigated the effects of ATM inhibition on kinetics 
of various cell cycle- and DNA replication-related proteins dur- 
ing the cell cycle (Fig. 1A). In T98G-ATMRi2 cells, expres- 
sion of ATM protein was reduced by -90% (Fig. 1A), but cell 
cycle progression was delayed only slightly as compared with the 



ATM-pS1981 
ATM 

Cdtl 

p27 
ORC1 
Cyc A 
Cdc6-pS54 
Cdc6 
p21 
Cyc D1 
Cull 
Skp2 
Skp1 
GAPDH 



T98G-LuciRi 



T98G-ATMRi2 



10 13 16 16 



10 13 16 1i 



' hr after 
serum stimulation 



T98G-LuciRi 



T98G-ATMRi2 




10 12 14 16 18 20 0 2 

hr after serum stimulation 



8 10 12 14 16 18 20 



c 


T98G-LuciRi 


T98G-ATMRi2 




0 0.5 1 2 


3 0 0.5 1 2 3 


ATM 






Cdtl 






P 27 




GAPDH 





hr in CHX 



z t 

en c*j 
£ -i 
r- O 



□ LuciRi 
• ATMRi2 












* 













0 5 10 15 20 

hr after serum stimulation 



T98G-LuciRi 



ATM-pS1981 
ATM 



0 4 8 


10 


13 


16 


18 




+ 













































hr after 

serum stimulation 



Figure 1. ATM is moderately auto-phosphorylated at Ser1981 in a cell cycle-dependent manner and required for appropriate degradation of Cdtl and 
p27 Kip1 during the unperturbed S phase in T98G cells. (A and B) T98G cells expressing an shRNA targeting ATM (ATMRi2) or a control shRNA (LuciRi) were 
arrested in G 0 by serum starvation and then released into the cell cycle by serum addition. Cells were harvested at the indicated times and subjected to 
immunoblotting analysis (A) and flow cytometry (B).The percentage of cells in GJG , S, and G 2 /M is shown by filled circle, open circle and filled triangle, 
respectively. (C) Cdtl and p27 Kip ' is stabilized in ATM-silenced T98G cells. Cycloheximide (50 (jig/ml) was added at 10 h after serum stimulation, and then 
the cells were harvested at the indicated times. (D) ATM silencing does not affect Cdtl mRNA levels. Total RNAs were prepared from cells treated as in (A), 
and the levels of Cdtl mRNA were determined by quantitative RT-PCR. (E) Phosphorylation of ATM at Ser1981 during the S phase is moderately induced 
compared with that induced in response to DNA damage. T98G-LuciRi cells were exposed to 5 Gy IR and harvested 30 min later (IR+) and subjected to 
immunoblotting analysis with protein lysates shown in (A). The data were obtained by short exposure compared with the data shown in (A). 
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control (Fig. IB). We found cell cycle-dependent regulation of 
Cdtl protein to be impaired by ATM inhibition. Thus, in con- 
trol cells, Cdtl protein levels were low in G 0 , accumulated by 8 
h after serum stimulation, and decreased remarkably after 13 h 
(Fig. 1A), coincident with the start of the S phase (Fig. IB). This 
pattern of Cdtl regulation is in agreement with previous find- 
ings. 14 In contrast, Cdtl levels in ATM-silenced cells remained 
constant (Fig. 1A) in spite of the almost unimpeded S phase 
progression (Fig. IB). Interestingly, downregulation of 
p27 Klpl during the S phase was also impaired by ATM 
inhibition (Fig. 1A). The kinetics of cyclin A, Cdc6, 
ORC1, cyclin Dl, and p21 WAF1 protein levels were unaf- 
fected (Fig. 1A). In addition, phosphorylation of Cdc6 
at Ser54 by cyclin E/Cdk2 and cyclin A/Cdk2 occurred 
with similar kinetics (Fig. 1A), suggesting both kinases 
were properly activated in ATM-silenced cells. Essentially 
the same results were obtained with another shRNA tar- 
geting ATM (ATMRi4) (Fig. SI). 

To determine whether ATM inhibition affect the sta- 
bility of the Cdtl and p27 Klpl proteins, cycloheximide 
(CHX) was added to the ATMRi2 and control T98G 
cells at 10 h after serum stimulation and the protein levels 
were monitored (Fig. 1C). The data revealed that ATM 
inhibition stabilizes Cdtl and p27 Klpl proteins. We also 
found that ATM inhibition does not affect Cdtl mRNA 
levels (Fig. ID). Taken together, these results strongly 
indicate that ATM inhibition impedes the timely degra- 
dation of Cdtl and p27 K ' pl proteins during the S phase in 
T98G cells. 

ATM deficiency increases production of ROS (reac- 
tive oxygen species) in several cell types. 15,16 To ascertain 
whether Cdtl deregulation by ATM inhibition is associ- 
ated with aberrant ROS production, the levels were exam- 
ined. In T98G cells, the ROS levels were not changed 
by ATM inhibition (Fig. S2A). In addition, treatment 
with antioxidant N-acetyl L-cysteine (NAC) did not 
prevent the inhibition of Cdtl and p27 Klpl degradation, 
in spite of efficient reduction of intracellular ROS (Fig. 
S2). Therefore, ROS is presumably not involved in the 
observed phenomena. 

Using human foreskin fibroblasts immortalized with 
telomerase (HFF2/T), we further confirmed the novel 



function of ATM. Similar to T98G cells, whereas Cdtl proteins 
were accumulated after serum stimulation and then decreased 
significantly upon entry into S phase in control cells, ATM 
silencing led to accumulation during S phase (Fig. 2A and B). 
On the other hand, the kinetics of p27 Klpl protein levels were 
almost the same in control and ATM-silenced cells (Fig. 2A 
and B). In addition, we also found that Cdtl and p27 Klpl pro- 
teins remain abundant during the S phase in ATM-deficient 



Figure 2. Involvement of ATM in Cdtl regulation during the 
unperturbed S phase in human fibroblasts. (A and B) ATM is 
moderately auto-phosphorylated at Ser1981 in a cell cycle- 
dependent manner, and its silencing impairs Cdtl downregu- 
lation during the S phase in HFF2/T cells. Cells expressing an 
ATMRi2 shRNA or a control shRNA (LuciRi) were synchronized 
and analyzed as in Figure 1A and B. (C and D) Cdtl down- 
regulation during the S phase is compromised in ATIOS/T, 
AT-derived fibroblasts. Cells were synchronized and analyzed as 
above. (E) Cdtl deregulation during the S phase in AT-derived 
cells is alleviated by re-introduction of ATM. AD#17, another 
AT-derived fibroblast line, and its derivative reconstituted with 
ATM (AD#17+ATM), were treated with 2.5 mM hydroxyurea for 
synchronization in S phase (HU) or left untreated (Asyn) for 24 h 
and then analyzed by immunoblotting. 
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ATIOS/T cells (Fig. 2C and D). Furthermore, we examined a 
set of other AT-derived fibroblasts (AD#17), and their derivatives 
reconstituted with ATM (AD#17+ATM) for Cdtl and p27 Kipl 
protein levels upon synchronization in S phase by hydroxyurea 
(HU) treatment. In AD#17 cells, Cdtl levels remained high 
upon HU treatment (Fig. 2E). The inappropriate accumulation 
of Cdtl in S phase was abrogated by ATM add-back (Fig. 2E). 
HU treatment primarily blocks DNA replication fork progres- 
sion and activates the ATR-Chkl pathway. After the prolonged 
fork block, DSB is induced and the ATM-Chk2 pathway is acti- 
vated. As mentioned below, Cdtl is rapidly degraded upon DNA 
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damage, which is mediated by PCNA-Cul4-DDBl cdt2 ubiquitin 
ligase but independent of ATM (ref. 17; Fig. S3). Because Cdtl 
was not degraded in HU-treated AD#17 cells (Fig. 2E), abun- 
dant DSB may not be induced under the experimental condi- 
tions. Thus, the results of AD#17 and AD#17+ATM cells are 
consistent with the notion that degradation of Cdtl during S 
phase is dependent on ATM. On the other hand, the protein lev- 
els of p27 K ' pl did not change on HU treatment in either AD#17 
or AD#17+ATM cells. 

Taken together, these data demonstrate that ATM protein is 
required for the proper degradation of Cdtl during the S phase. 
At least in certain cell types, it may also be involved in degra- 
dation of p27 Klpl during the S phase. 

ATM kinase activity and NBS1 are required for the 
ATM-mediated Cdtl regulation 

We examined whether ATM could be activated during the 
S phase using ATM Serl981 phosphorylation as an index, 7 
and found that ATM Serl981 is significantly phosphorylated 
during the S phase in T98G cells (Fig. 1A; Fig. SI), although 
the levels were low compared with those induced by 5 Gy 
IR (Fig. IE). ATM phosphorylation at Serl981 during the S 
phase was also observed in HFF2/T cells (Fig. 2A). 

Given that ATM is activated during the S phase, we exam- 
ined whether ATM kinase activity is involved in the Cdtl 
regulation. To this end, quiescent T98G cells were released 
into the cell cycle by serum in the presence of an ATM- 
specific kinase inhibitor, KU-55933. KU-55933 treatment 
resulted in prevention of Cdtl downregulation during the 
S phase, with inhibition of ATM Serl981 phosphorylation 
(Fig. 3A and B). In contrast, p27 Klpl protein was only slightly 
affected by the treatment. We also examined possible involve- 
ment of ATR in the Cdtl regulation using an ATR specific 
kinase inhibitor, VE-821. 18 However, VE-821 did not affect 
Cdtl downregulation (Fig. S4). 

The MRN complex is required for ATM activation. 19 To 
investigate its requirement for ATM-dependent regulation of 
Cdtl, T98G cells were transfected with NBS1 siRNA and 
then synchronized. As shown in Figure 3C and D, decrease 
in Cdtl protein levels during the S phase was significantly 
suppressed in NBSl-silenced cells. In contrast, the kinetics 
of p27 Klpl were similar in both control and NBSl-silenced 
cells. We also examined Cdtl and p27 Klpl protein levels upon 
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Figure 3. ATM kinase activityand NBS1 are required for Cdtl regula- 
tion during the unperturbed S phase. (A and B) Inhibition of ATM 
kinase activity with KU-55933 impairs Cdtl downregulation during 
the S phase in T98G cells. Cells were serum starved, pre-treated with 
10 ijlM KU-55933, and then reentered into the cell cycle. Cells were 
harvested at the indicated times and subjected to immunoblotting 
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downregulation during the S phase in T98G cells. Cells were trans- 
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phase in NBS-derived cells is alleviated by re-introduction of NBS1. 
NBSI-deficient cells (GM) and the reconstituted cells with NBS1 
(GM+NBS1) were treated with 2.5 mM HU for synchronization in S 
phase (HU) or left untreated (Asyn) for 11 h and then analyzed by 
immunoblotting. 



(D 
_Q 



CO 

'id 

O 

c 

o 
Q 

0 
o 
c 

CD 

"o 

CO 

o 
in 

CO 
CD 
"D 

c 

03 



O 
CN 

© 



474 



Cell Cycle 



Volume 13 Issue 3 



S-phase synchronization by HU treatment in NBSl-deficient 
cells (GM7166) and their derivatives reconstituted with NBS1 
(GM7166+NBS1). Cdtl protein levels decreased significantly 
with HU treatment in GM7166+NBS1 cells, whereas they were 
unchanged in GM7166 (Fig. 3E). In contrast, the protein levels 
of p27 Klpl in GM7166+NBS1 cells were very low as compared 
with parental GM7166 cells, irrespective of HU treatment. The 
reason for the unexpected response of p27 Klpl to NBS1 is not clear 
at present. 

Taken together, these observations demonstrate that kinase 
activity of ATM and NBS1 are required for proper Cdtl degra- 
dation during the S phase. On the other hand, it seems likely that 
the effects of ATM pathways on the regulation of p27 Klpl during 
the S phase are more complex and diverse, depending on the cell 
types. 

ATM is involved in the regulation of Skp2 as a critical medi- 
ator of Cdtl degradation in T98G cells 

As mentioned above, degradation of Cdtl during the S phase is 
mediated by Cdk-SCF skp2 and PCNA-Cul4-DDBl cdt2 ubiquitin 



ligases, whereas degradation of Cdtl after DNA damage is medi- 
ated by PCNA-Cul4-DDBl cdt2 . 8 ' 17 - 20 ' 21 The extent of dependence 
on the either degradation machinery during the S phase appears 
different among cell types. 11 ' 21 ' 22 

Consistent with a previous report, 17 IR- and UV-mediated 
Cdtl proteolysis proved independent of ATM (Fig. S3). In 
addition, cell cycle regulation of p21 WAF1 , another target of 
Cul4-DDBl cdt2 ubiquitin ligase, appeared unaffected by ATM 
inhibition (Figs. 1A and 2A; Fig. SI). Furthermore, p27 Klpl is 
also regulated by SCF skp2 . 23 Therefore, ATM might affect the 
SCF skp2 -mediated pathway. It was reported that ATM mediates 
full activation of Akt in response to insulin or DNA damage, 24 " 27 
and several reports have demonstrated that Akt may regulate 
Skp2 function at both transcriptional and posttranscriptional 
levels. 28 " 31 Therefore, we investigated whether ATM inhibition 
might affect SCF skp2 functions. 

Levels of Cull and Skpl, 2 components of SCF skp2 , remained 
constant throughout the cell cycle in T98G cells, which were 
not affected by ATM inhibition (Fig. 1A; Fig. SI). The Skp2 
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Figure 5A-C. ATM inhibition partially affects the Akt-SCF skp2 
pathway in T98G cells. (A-C) ATM silencing and inhibition 
of its kinase activity reduce Akt phosphorylation at Ser473. 
The cell lysates prepared as in Figure 1A, Figure S1A, and 
Figure 3A, respectively, were subjected to immunoblotting 
with pan-Akt and Ser473-phosphorylated Akt antibodies. 
The signal intensities of total Akt and the phosphorylated Akt 
were quantified, and the ratio of the phosphorylated Akt to 
total Akt was calculated. The graphs in (A and B) show values 
relative to that for T98G-LuciRi cells at 10 h after serum stimu- 
lation set at 1. The graph in (C) shows values relative to that 
of DMSO-treated cells at 10 h after serum stimulation set at 1. 



protein level is controlled by APC/C cdlll -mediated pro- 
teolysis during the Gj phase. 32,33 Consistent with this, 
Skp2 levels were cell cycle-regulated in T98G cells, 
with increase in S phase (Figs. 1A and 3A; Fig. SI). 
Interestingly, accumulation of Skp2 during the S phase 
was partially delayed and inhibited by ATM silencing 
in T98G cells (Fig. 4A and B, see also Fig. 1A; Fig. SI 
for some of the original data used for quantification). 
Similar findings were also obtained with KU-55933 
(Fig. 4C, see also Fig. 3A as one of the original data 
used for quantification). Moreover, Skp2 level during 
the S phase in NBSl-deficient cells was lower than that 
in NBSl-reconstituted cells (Fig. 3E). 

Given that Cdtl deregulation by ATM suppression 
may be attributable to, at least partly, decrease in Skp2 
levels, we examined whether Skp2 silencing affects 
Cdtl degradation during the S phase in T98G cells 
(Fig. 4D). As expected, Cdtl protein levels remained 
constant during the S phase in Skp2-silenced T98G 
cells (Fig. 4D). Thus, although Cdtl degradation is 
controlled by 2 ubiquitin ligases, SCF skp2 and Cul4- 
DDBl cdt2 , the former may be predominant in T98G 
cells. In Skp2-silenced cells, p27 Klpl increased quite 
remarkably throughout the cell cycle (Fig. 4D), sug- 
gesting its strong dependence on the Skp2 protein. 
Therefore, in certain cell types, such as T98G, partial 
decrease in Skp2 levels by ATM silencing may lead to 
p27 K ' pl accumulation during S phase. Cyclin Dl and 
p2jwAFi are a j so SUDStrates of SCF skp2 , 23 although also 
regulated by other ubiquitin ligases, and actually their 
degradation was prevented by Skp2 silencing (Fig. 4D). 
However, neither cyclin Dl nor p21 WAF1 protein levels 
were changed by ATM silencing (Fig. 1A; Fig. SI). It 
is possible that partial decrease in Skp2 by ATM silenc- 
ing may be insufficient for significant stabilization of 
these proteins. We also examined whether co-silencing 
of Skp2 further stabilizes Cdtl during the S phase in 
ATM-silenced cells. Simultaneous depletion of Skp2 
did not further stabilize Cdtl in T98G-ATMRi2 cells 
(Fig. 4F), in line with the notion that Cdtl stabilization 
by ATM inhibition is attributed to Skp2 inhibition. 
Finally, we investigated whether ATM silencing affects 
the binding of Skp2 to Skpl and Cull or the intra- 
cellular localization of Skp2. However, no significant 
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D 



findings were obtained (Fig. S5). Taken together, these results 
suggest that ATM affects Cdtl degradation through, at least 
partly, maintaining Skp2 levels during the S phase in T98G cells. 

ATM inhibition partially affects the Akt-SCF skp2 pathway 
in T98G cells 

Since previous reports indicated possible interplay between 
ATM and Akt, 24 " 27 we next examined whether ATM function 
is associated with Akt activation during 
the cell cycle. When quiescent T98G- 
LuciRi cells were stimulated with serum, 
phosphorylation of Akt at Ser473, indic- 
ative of Akt activation, 34 was increased 
and then decreased gradually at 13 h 
after serum addition (Fig. 5A and B). 
When ATM was silenced with ATMRi2 
or ATMRi4, such Akt phosphorylation 
was partially suppressed (Fig. 5A and B). 
Similar phenomena were also observed 
in KU-55933-treated cells (Fig. 5C). A 
previous report showed physical interac- 
tion between ATM and Akt. 24 We also 
found that Akt can bind to ATM frag- 
ments fused to GST (data not shown). 

We then investigated whether Akt 
silencing indeed affects Cdtl degrada- 
tion during S phase. Consistent with pre- 
vious findings, 28 " 30,35 silencing of either 
Aktl, Akt2, or both, strongly decreased 
the protein level of Skp2 (Fig. 5D). 
In further agreement with previous 
reports, 28,31 we also observed physical 
interaction between Akt and Skp2 in co- 
immunoprecipitation assays and Skp2 



upregulation in Akt-overexpressed cells (data not shown). As 
expected from the Skp2 reduction, p27 Klpl levels were remark- 
ably increased in Akt-silenced cells (Fig. 5D). Unexpectedly, 
however, Akt silencing only modestly stabilized Cdtl (Fig. 5D). 
The reason is not clear at present but some compensatory 
pathway(s) might be activated upon Akt depletion. In the study 
using siRNA-mediated Akt silencing and subsequent cell cycle 



Figure 5D-G. ATM inhibition partially 
affects the Akt-SCF skp2 pathway in T98G cells. 
(D and E) Aktl or Akt2 depletion affects 
Skp2-mediated Cdtl and p27 Kip1 degrada- 
tion in T98G cells. Cells were transfected 
with siRNAs targeting Aktl, Akt2, or both, or 
control siRNA (si-GL2), serum starved, and 
then stimulated by serum. Cells were har- 
vested at the indicated times for immunob- 
lotting (D) and flow cytometry (E). (D) The 
signal intensities of the Cdtl proteins were 
quantified and normalized to the signals for 
GAPDH. The graph shows the values relative 
to Cdtl levels in control siRNA-treated cells 
at 10 h after serum stimulation. (F) Inhibition 
of Akt kinase activity with Akti-1/2 impairs 
Cdtl downregulation during the S phase in 
T98G cells. Cells were treated with 10 u.M 
Akti-1/2 at 9 h after cell cycle entry from G 0 , 
and then harvested at the indicated times. 
In these experiments, S-phase progression 
was monitored by accumulation of cyclin A. 
(G) Co-inhibition of Akt with Akti-1/2 does 
not further stabilize Cdtl during the S phase 
in ATM-silenced T98G cells. T98G-ATMRi2 
cells were treated and analyzed as above. 
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synchronization, Akt function during G l progression is inevita- 
bly affected. To investigate the effect of Akt inhibition on Cdtl 
regulation specifically in S phase, we utilized an Aktl/2 specific 
inhibitor, AktiT/2. 3S Treatment of AktiT/2 resulted in preven- 
tion of Cdtl downregulation during the S phase, with inhibition 
of Akt Ser473 phosphorylation (Fig. 5F). Unexpectedly, however, 
the protein level of Skp2 was not changed. It is possible that the 
function of Skp2 rather than the protein level is impaired under 
these experimental conditions. Moreover, we examined the effect 
of Akt co-inhibition on Cdtl stabilization during the S phase 
in ATM-silenced T98G cells. Inhibition of Akt with Akti-1/2 
did not further stabilize Cdtl in T98G-ATMRi2 cells (Fig. 5G). 
Together, these observations suggest that ATM inhibition may at 
least partially affect the Akt-SCF skp2 -Cdtl pathway. 

ATM inhibition renders cells hypersensitive to induction of 
re-replication 

Cdtl deregulation leads to chromosomal damage, includ- 
ing re-replication. 9 ' 13,37 We therefore examined whether the 
stabilization of Cdtl by ATM silencing leads to re-replication. 
Flow cytometry analyses revealed that re-replicated popula- 
tion (defined by a DNA content higher than 4N) in AT cells 
is 1.5-fold that in ATM-complemented cells (Fig. 6A and B). If 
increase in re-replication in ATM-deficient cells is attributable to 
Cdtl upregulation during the S phase, then it would be enhanced 
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by co-overexpression of Cdc6. 911 Therefore, we overexpressed 
Cdc6 in T98G-ATMRi2 and control T98G-LuciRi cells. Even 
in an asynchronous population, increase in Cdtl levels was 
detectable in ATMRi2 cells, and Cdc6 overexpression was con- 
firmed in both cells (Fig. 6C). The induction of re-replication 
in ATMRi2 cells was similar to that in control cells. However, 
Cdc6 overexpression enhanced re-replication induction only in 
T98G-ATMRi2 cells (Fig. 6D). Thus, ATM deficiency ren- 
dered cells hypersensitive to induction of re-replication, indicat- 
ing the importance of the novel ATM function in maintenance 
of genome stability. 

Discussion 



ATM is involved in appropriate degradation of Cdtl during 
the unperturbed S phase 

An ATM requirement for timely degradation of Cdtl dur- 
ing the S phase was observed in several different systems, i.e., 
T98G, HFF2/T, and 2 different AT patient-derived cells (Figs. 1 
and 2; Fig. SI). This ATM function requires its kinase activ- 
ity and NBS1 (Fig. 3). Indeed, ATM activation indicated by 
Serl981 phosphorylation is detected during the S phase both in 
T98G and HFF2/T cells (Figs. 1A and 2A; Fig. SI A). However, 
the mechanisms by which ATM is moderately activated during 
the S phase remain to be clarified. There are 
several non-exclusive possibilities. One is that 
the replication process affects the chroma- 
tin architecture, triggering ATM activation. 
Alternatively, replication forks accidentally 
encounter endogenously generated chromatin 
stresses, leading to transient DSB induction. 
At telomeres, ATM activation is generally sup- 
pressed. However, ATM may be appropriately 
activated during the S phase to maintain telo- 
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Figure 6. ATM inhibition renders cells hypersensitive to induction of re-replication. 
(A and B) The AT-derived AD#17 : and its derivative reconstituted with ATM (AD#1 7+ATM), were 
subjected to flow cytometry. (A) In these diagrams, the x-axis is FL2-A representing whole PI 
signals and thus DNA content, and they-axis is FL2-W representing duration of PI signals. Dots 
with higher FL2-W signals that result from aggregated cells or cell debris were excluded from 
measurement of re-replicated cells. (B) The means and SDs of the percentages of re-replicated 
cells (DNA content higher than 4N) from 3 independent experiments are shown. (C and D) 
T98G-LuciRi and ATM-silenced T98G-ATMRi2 cells were infected with retroviruses expressing 
2HA-Cdc6 or with control retroviruses, and selected with puromycin (1 (jig/ml). At 4 d after 
infection, cells were subjected to immunoblotting (C) and flow cytometry (D). In (D), percent- 
ages of re-replicated cells are shown. 



mere structure. 38 " 40 It was previously reported 
that MRN is required for suppression of re- 
replication induced by overexpression of Cdtl, 
and this mechanism is mediated by ATR. 12 
However, ATR is not required for Cdtl regu- 
lation during the S phase (Fig. S4). 

ATM functions to prohibit re-replication 
Cdtl deregulation induces re-replication 
and/or chromosomal damage, leading to 
chromosomal instability. ' ; ~ 11,13 ' 37 In non-trans- 
formed cells, although Cdtl overexpression 
induces only small amounts of re-replication, 
co-expression of ORC1 or Cdc6 robustly 
enhances re-replication. 11 Therefore, it is con- 
ceivable that undesired Cdtl upregulation in 
ATM-inhibited cells may cause deleterious 
insult. Actually, the re-replicated cell popula- 
tion is significantly increased in an AT-derived 
cell line, which could be corrected by ATM 
reintroduction (Fig. 6A and B). More impor- 
tantly, Cdc6 overexpression enhanced re-repli- 
cation in ATM-silenced T98G cells (Fig. 6C 
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and D), indicating that Cdtl upregulation by ATM inhibition 
in fact predisposes cells to re-replication. Thus, the novel func- 
tion of ATM described here may have a critical role in genome 
maintenance. 

Signaling pathways from ATM to Cdtl 

Whereas it seems clear that ATM participates in Cdtl regula- 
tion, the involved signaling pathways appear complicated and are 
not fully understood. It seems likely that multiple parallel path- 
ways contribute to the novel ATM function. 

At least in T98G cells, the ATM-Akt-SCF skp2 axis may be one 
pathway. The evidence includes: (1) ATM inhibition, at least par- 
tially, downregulates Skp2 protein levels (Fig. 4A-C); (2) Skp2 
silencing stabilizes Cdtl during the S phase (Fig. 4D); (3) ATM 
inhibition moderately inhibits Akt phosphorylation (Fig. 5A— C); 
(4) Akt silencing decreases the Skp2 protein levels (Fig. 5D), and, 
conversely, Akt overexpression increases (data not shown; refs. 
28-30, and 35); and (5) Akt inhibition stabilizes Cdtl during 
the S phase (Fig. 5F). In addition, in agreement with previous 
data, 24 ' 28 ' 31 (6) we also found ATM-Akt and Akt-Skp2 physi- 
cal interactions (data not shown). This notion is also supported 
by the fact that co-silencing of Skp2 or co-inhibition of Akt in 
ATM-silenced T98G cells does not induce further stabilization 
of Cdtl (Figs. 4F and 5G). However, even in T98G cells, there 
are some apparently contradictory findings; e.g., in spite of sig- 
nificant suppression of Skp2 protein levels in Akt-silenced cells, 
Cdtl is only partially stabilized during the S phase (Fig. 5D), 
and neither cyclin Dl nor p21 WAF1 protein levels, regulated by 
SCF sk P 2 23 are Ranged by ATM silencing (Fig. 1A; Fig. SI). 
Manipulation of one pathway could activate compensatory par- 
allel pathways in some cases. Nevertheless, these findings appears 
in line with previous reports showing that ATM mediates full 
activation of Akt in response to insulin or DNA damage, 24 " 27 and 
that Akt may regulate Skp2 at both transcriptional and posttran- 
scriptional levels. 28 " 31 It is also reported that Mrell promotes Akt 
phosphorylation in response to DNA DSBs. 41 Unfortunately, to 
date, it remains completely unclear how ATM regulates Akt. A 
biological relevance of Akt-mediated Skp2 regulation has been 
proposed, but discussion continues. 28 " 31,42 " 44 It is possible that Akt 
regulation of Skp2 is cell type- and/or context-dependent. 

In other cell systems, the pathway by which ATM regu- 
lates Cdtl is more obscure and remains to be determined. For 
instance, in HFF2/T cells, ATM silencing upregulates the Cdtl 
levels during the S phase without reducing the Skp2 protein 
levels (Fig. 2A). In this case, ATM might affect Skp2 protein 
function (s) rather than the levels. 

ATM involvement in p27 Klpl regulation during the unper- 
turbed S phase 

p27 Klpl is an important Cdk inhibitor that is elaborately regu- 
lated during the cell cycle and cell differentiation. This is executed 
at multiple levels and in a cell type- and/or context-dependent 
manner. 45,46 For example, at least 4 ubiquitin ligases control 
the stability. SCF skp2 is one representative ubiquitin ligase that 



controls p27 Klpl dependent on Cdk phosphorylation. We found 
here that, at least in T98G cells, ATM participates in regulation 
of p27 Klpl stability during the S phase (Fig. 1). In this context, 
the ATM-Akt-SCF skp2 axis may play a role (Figs. 4, 5A-C, and 
5D-G), as well as in the regulation of Cdtl, with difference of a 
low requirement of ATM kinase activity and NBS1. However, in 
other cell types, ATM does not appear to affect p27 Klpl protein 
levels (Fig. 2). This may be due to complexities in p27 K ' pl regula- 
tions. In addition, the pathophysiological relevance of inappro- 
priate p27 Klpl upregulation in some ATM-deficient cells remains 
to be elucidated in the future. 

Materials and Methods 

Cells 

Cells used are described in Supplementary Materials and 
Methods. Cells were grown in Dulbecco modified Eagle medium 
(DMEM) with 8% fetal calf serum. T98G cells were synchro- 
nized in quiescence by serum starvation for 48 h, followed by 
reentry into the cell cycle by incubation in DMEM with 15% 
serum. Synchronization of HFF2/T and ATlOS/T cells into qui- 
escence was achieved by contact inhibition and sequential serum 
starvation. The inhibitors used are detailed in Supplementary 
Materials and Methods. 

Transfection 

T98G cells (9 x 10 4 /well in 6-well plates) were transfected with 
40 pmol of siRNA using Lipofectamine RNAiMAX (Invitrogen) 
according to the manufacturer's protocol. The sequences of siR- 
NAs are described in Supplementary Materials and Methods. 

FACS 

Cells were stained with propidium iodide (PI), and analyzed 
with a Becton Dickinson FACS Calibur. 

Details of other materials and methods are described in 
Supplementary Materials and Methods. 
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